H ypertension is a major predisposing factor for endothelial dysfunction, 1 causing vascular remodeling and atherosclerosis. However, the mechanism(s) by which a prolonged increase in blood pressure, and thus stretch, translates into a change in endothelial cell (EC) phenotype remains elusive.
Fluid shear stress, the viscous drag of the flowing blood, is the second hemodynamic force sensed by ECs and generally considered to be antiatherosclerotic. In contrast to straight arterial segments, at bifurcations (cyclic) stretch dominates over shear stress, and it is mainly here where endothelial dysfunction and concomitantly atherosclerosis develops. Although there is some insight into shear stress-induced gene expression, 2, 3 rather little is known about stretch-induced signaling, 4 with no systematic analysis of endothelial cell pathways affected by stretch-induced alterations in gene expression available to date. Here, we have comprehensively explored such transcriptional changes in human cultured ECs and in addition have identified the focal adhesion protein zyxin to be critically involved therein.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Chiefly, primary ECs isolated from human umbilical cord veins were exposed to cyclic stretch (0% to 10% extension at 0.5 Hz) for the indicated periods by using a Flexercell FX-3000 strain unit. Protein and mRNA expression were analyzed by Western blot, immunofluorescence, and real-time RT-PCR analyses. DNA microarray analyses were performed using the human HG-U133 Plus 2.0 chip (Affymetrix) followed by Gene Set Enrichment Analysis (GSEA) using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). The role of zyxin in endothelial gene expression was characterized by chromatin immunoprecipitation (ChIP), electrophoretic mobility-shift analysis (EMSA), use of an appropriate decoy oligodeoxynucleotide (ODN), and short interfering (si)RNA-mediated knockdown of the protein. All data are expressed as meanϮSEM; statistical calculations were performed using unpaired Student's t test or repeated-measures ANOVA, followed by a Tukey-Kramer post hoc analysis as required.
Results

Cyclic Stretch Causes Zyxin to Redistribute to the Nucleus, Where It Controls Specific Changes in Gene Expression
In quiescent ECs, zyxin localizes to focal adhesions and stress fibers. After exposure to cyclic stretch, although partly remaining in the focal adhesions, zyxin migrates to the nucleus where, according to immunofluorescence ( Figure  1A ) and Western blot analysis ( Figure 1B) , it partially colocalizes with the nuclear protein Ku80. Given that downregulation of zyxin affects stretch-induced gene expression in rat vascular smooth muscle cells, 5 we used a siRNA-based approach in the human cultured ECs that resulted in a robust (80%) decrease in zyxin abundance (Online Figure I) . Testing of 3 genes known to be stretch-sensitive revealed that the chemokines interleukin (IL)-8 and CXCL1 but not the B-type endothelin receptor (ET B -R) are controlled by zyxin ( Figure  2A ). Moreover, IL-8 expression, for example, was dependent on both the frequency and magnitude of stretch (Online Figure II) and, in addition to venous ECs, both stretchinduced nuclear translocation of zyxin and gene expression also occur in arterial ECs (Online Figures III and IV) .
To get the full picture of these stretch-induced changes in gene expression and the role of zyxin therein, whole genome arrays were performed with 3 individual batches of primary ECs. Apart from comparing quiescent and stretched control Figure 1 . Zyxin and stretch-induced nuclear translocation. A, Representative confocal immunofluorescence images of zyxin relocation in static and stretched (0% to 10% elongation at 0.5 Hz for 6 hours) ECs. Top, Zyxin (Cy3/ red) and the focal adhesion protein paxillin (Cy2/green) are stained. Nuclei (Nu) are counterstained with DAPI (4Ј,6Ј-diamidin-2-phenylindol). Paxillin colocalizes with zyxin exclusively in focal adhesions (FA; yellow) but not in stress fibers (SF) or in the nucleus (after stretch). Bottom, Partial stretch-dependent colocalization of the nuclear protein Ku80 (Cy2) with zyxin (Cy3). Whereas nuclei in static cells are virtually devoid of zyxin, significant colocalization occurs in response to stretch (insets with magnified exemplary nuclei). B, Western blot analysis of nuclear translocation of zyxin. Nuclei and the cytosol of static and stretched (6 and 12 hours) ECs were subjected to Western blot analysis. Left, Statistical summary (*PϽ0.05 vs static control, nϭ5). Right, Exemplary Western blot. Again, Ku80 and paxillin were used as reference proteins. ECs also cells without or with zyxin knockdown were analyzed side by side. Only gene products not affected by the transfection itself were included in the analysis. Both, pathway analysis (GSEA) based on KEGG and GO (Online Table  II ) and analyses of single genes revealed a prominent stretch response that was virtually identical in all 3 experiments. A total of 592 (with a PՅ0.02) genes turned out to be stretchsensitive of which 402 (67.9%) were regulated by zyxin ( Figure 2B ). This outcome was corroborated by reanalysis of 9 randomly chosen gene products using real time RT-PCR ( Figure 2C ). Moreover, zyxin seemed to be involved in the regulation of rather distinct pathways such as suppression of apoptosis or chemokine release (Online Table II ).
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Mechanism of Zyxin-Induced Gene Expression
Zyxin appears to associate with the promoter of the human thrombomodulin gene at a stretch of pyrimidines (PyPu box; position Ϫ453 to Ϫ481; M. Cattaruzza, unpublished observation, 2005). On analyzing the promoter regions of genes identified to be stretch-sensitive, comparable motifs close to the transcription start site were found solely in the 13 stretchsensitive genes controlled by zyxin (Online Figure V) but not in the 11 zyxin-independent genes. To test whether zyxin indeed associates with this motif, ChIP assays were performed for 9 stretch-sensitive genes, revealing that zyxin in fact interacts with the promoter region of these genes. Genes that are expressed independently of zyxin did not emerge in this assay ( Figure 3A) . To corroborate this finding, the cultured ECs were exposed to a decoy ODN mimicking the PyPu box in the human prepro-endothelin-1 (ET-1) gene (edn1; 5Ј-GCACTTCC-TTCCTTTTCCCGAA-3Ј; position Ϫ163 to Ϫ136). Unlike the scrambled control ODN, the decoy ODN virtually abolished the stretch-induced expression of IL-8, as well as that of prepro-ET-1, another well-known stretch-sensitive gene (Figure 3B ). EMSA using a probe with a sequence identical to that of the decoy ODN finally confirmed that in human cultured ECs exposed to cyclic stretch a nuclear protein-DNA complex forms that according to supershift analysis contains zyxin ( Figure 3C ).
Discussion
Although stretch-induced gene expression in human cultured ECs has been analyzed by DNA microarrays before, 6 -8 the present data to our knowledge provide the first comprehensive pathway analysis. We further demonstrate that in ECs the cytoskeletal protein zyxin acts as a transducer of stretch into the nucleus, where it orchestrates the expression of a large subset of stretch-sensitive genes through a novel DNA-response element.
Prolonged hypertension, ie, a long-term increase in circumferential stretch, promotes endothelial dysfunction, which is characterized by an aberrant expression of proinflammatory genes. Our findings substantiate the assumption that ECs respond to such a supraphysiological increase in stretch with the activation of pathways known to be pivotal for the development of atherosclerosis. 9, 10 In addition, we show that zyxin, a protein normally associated with focal adhesions and stress fibers, plays a major role in stretch-induced endothelial gene expression. Apart from potential effects on the structural and functional integrity of the EC on its loss, zyxin directly interacts with the promoter region of most stretch-sensitive genes. Its binding motif does not resemble a typical consensus sequence but rather a particular base composition, ie, a stretch of pyrimidines. A preliminary "manual" screen of several stretch-sensitive genes revealed that it is only present in the proximal promoter regions of zyxin-regulated genes. This, however, does not exclude the possibility that similar elements may stochastically exist in unrelated regions of the genome as frequently is the case for the binding motifs of conventional transcription factors. Almost all zyxin-dependent genes can be attributed to a set of well-defined pathways that, on the one hand, inhibit apoptosis and proliferation and strengthen cell-matrix interactions but, on the other hand, contribute to a broad range of proinflammatory responses (Online Figure VI) . Such an orchestrated change in the endothelial transcriptome suggests a role for zyxin in vascular remodeling processes, especially when considering that ECs largely govern the phenotype of vascular smooth muscle cells 11 and regulate leukocyte migration into the vessel wall. 12, 13 Although potentially preventing EC damage, this signaling pathway may thus facilitate endothelial dysfunction and consequently both hypertensioninduced arterial remodeling and atherogenesis. Future studies must reveal whether the prevention of zyxin-mediated gene expression in ECs in fact constitutes a meaningful therapeutic strategy to combat these vascular complications. .05 vs stretched control; nϭ6. C, Left, EMSA with the PyPu box-type promoter ODN of the edn1 gene and nuclear extracts from static control or stretched (6 hours) ECs. Right, Supershift analysis with 2 zyxin-specific polyclonal rabbit antisera (B71 and B72; the preantiserum used as a negative control was from rabbit B71) revealing that the retarded complex with nuclear protein from stretched ECs contains zyxin (arrowhead). The strong unspecific band (*) is frequently detected but not stretch-related.
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